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Constitutive Overexpression of Human Telomerase Reverse
Transcriptase but Not c-myc Blocks Terminal Di¡erentiation
In Human HaCaT Skin Keratinocytes
Ana Cerezo,1 Hans-Jˇrgen Stark,n1 Sharareh Moshir, and Petra Boukamp
German Cancer Research Center (DKFZ), nDKFZ, Division of Di¡erentiation and Carcinogenesis Heidelberg, Germany
Formation of a well structured epidermis strictly de-
pends on a tight balance between proliferation and
di¡erentiation. Accordingly, telomerase, which is re-
stricted to proliferating cells, is downregulated with
di¡erentiation. It is unclear, however, whether this inhi-
bition is essential to or only a consequence of the di¡er-
entiation process. By studying di¡erent variants of the
HaCaT skin keratinocytes we now show that constitu-
tive overexpression of human telomerase reverse tran-
scriptase (hTERT) in HaCaT-TERT cells (lacking its own
di¡erentiation-sensitive promoter) and constitutive ex-
pression of the c-myc gene in HaCaT-myc cells caused
increased proliferation in conventional cultures; how-
ever, this proliferative advantage was not maintained in
tissue-like organotypic cocultures. Despite reduced
strati¢cation, HaCaT-myc cells were still able to develop
a fully di¡erentiated epithelium. HaCaT-TERT cultures,
on the other hand, expressed all markers of early but
not of terminal di¡erentiation. The failure to di¡erenti-
ate terminally was observed in hTERT mass cultures
and individual clones and correlated with an intense
nuclear hTERT staining of the uppermost cells of the
HaCaT-TERT epithelia. Thus, our data suggest that con-
stitutive overexpression of hTERT does not interfere
with epidermal di¡erentiation per se but blocks
the terminal stage of di¡erentiation and therefore indi-
cates that hTERT/telomerase plays an active part in the
regulatory pathway of epidermal di¡erentiation. Key
words: apoptosis/di¡erentiation markers/organotypic cocul-
tures/proliferation/telomerase. J Invest Dermatol 121:110 ^119,
2003
T
he synthesis of new telomeric repeats in most eukar-
yotes is performed by a special ribonucleoprotein en-
zyme, telomerase. The human telomerase complex
includes an RNA component, hTR, which provides
the template for the synthesis of telomeric DNA
(Feng et al, 1995), the catalytic subunit, human telomerase reverse
transcriptase (hTERT), which provides enzymatic activity (Naka-
mura et al, 1997) and a number of associated proteins (Beattie et al,
2001). Telomerase activity is tightly regulated in the human or-
ganism. Most embryonic tissues, similar as immortal and tumor
cells, are telomerase positive. In the adult, many somatic cell types
exhibit no detectable telomerase activity, but some tissues that
continuously or periodically proliferate remain telomerase-posi-
tive (Kim et al, 1994;Wright et al, 1996; references in Bachor et al,
1999). Whereas hTR is widely expressed in embryonic and so-
matic tissue (Feng et al, 1995; Avilion et al, 1996), expression of
hTERT is more restricted and seems to correlate largely with tel-
omerase activity (Kilian et al, 1997; Meyerson et al, 1997).Thus, the
hTERT protein is believed to represent the limiting factor for
the telomerase activity and many studies have focused on tran-
scriptional regulation of its gene.
It is also well established that telomerase activity is closely as-
sociated with proliferation and downregulated with di¡erentia-
tion in many tissues and cell types (Sharma et al, 1995; Hrle-
Bachor and Boukamp, 1996; Greider, 1998; Yamada et al, 1998; Xu
et al, 1999; Rama et al, 2001). It is still unclear, however, whether
downregulation of telomerase activity is a mere consequence of
the di¡erentiation process, i.e., telomerase is co-regulated with
other proliferation-dependent genes. Alternatively, telomerase
could be part of the proliferation/di¡erentiation pathway and its
inhibition a prerequisite for terminal di¡erentiation. Epidermal
keratinocytes are an excellent model system to address this ques-
tion. In the epidermis in vivo, keratinocytes form a strati¢ed
epithelium with a basal proliferative compartment (stratum ba-
sale), a number of suprabasal layers (stratum spinosum), and the
uppermost layers, the stratum granulosum and stratum corneum,
representing the stage of terminal di¡erentiation. As the process
of epidermal di¡erentiation is tightly controlled a normal structured
epidermis is only formed if proliferation and di¡erentiation are
well co-ordinated.
Much of our present knowledge, in particular concerning the
role of telomerase activity, is derived from transgenic or knock-
out mouse models (Gonza¤ lez-Sua¤ rez et al, 2000, 2001; Artandi
et al, 2002). Regulation of telomerase and di¡erentiation, how-
ever, are likely to be di¡erent in human and mouse cells. This is
already evident from the fact that strati¢cation is less prominent
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in mouse than in human epidermis and that telomerase is more
widely expressed and less stringently regulated in adult mouse as
compared with adult human tissues (Prowse and Greider, 1995).
Thus, adequate models are required to study regulatory pathways
in human cells. For epidermal keratinocytes, this is provided by
homologous organotypic cocultures (OTC) (Bell et al, 1981;
MacKenzie and Fusenig, 1983; Asselineau and Prunieras, 1984).
This tissue-like culture system relies on the physiologic dermal^
epidermal interaction that is induced by growth factors in a dou-
ble paracrine fashion (Smola et al, 1993; Maas-Szabowski et al,
2000). Thus, OTC provide an excellent tool to dissect the mole-
cular mechanisms regulating epidermal growth and di¡erentia-
tion and to detect even slight variations in formation and
maintenance of a mature epidermis.
In addition to normal keratinocytes, immortal HaCaT skin
keratinocytes are also able to form a well organized epidermis-
like epitheliumwhen grown in the presence of dermal ¢broblasts
in vivo or as organotypic cocultures (Boukamp et al, 1988; Breit-
kreutz et al, 1998; Schoop et al, 1999). Although their potential for
complete epidermal di¡erentiation is robust, these cells allow the
induction and detection of even minor changes (Breitkreutz et al,
1991, 1993; Boukamp et al, 1992; Boukamp and Fusenig, 1993) thus
making HaCaTcells a good model to study the role of telomerase
in epidermal di¡erentiation.
To determine whether telomerase plays an active part in epider-
mal di¡erentiation, we investigated the e¡ects of increased hTERT/
telomerase expression by studying HaCaT variants that overex-
pressed an hTERT construct devoid of any regulatory sequences
(Howard et al, 2000). As shown previously this hTERT gene re-
mained expressed and continued to generate telomerase activity in
the presence of transforming growth factor-a1, a growth factor
that negatively regulates telomerase activity in HaCaTcells (Cerezo
et al, 2002). In addition, we examined the role of c-Myc, because,
similarly to other models (Wang et al, 1998;Wu et al, 1999), c-Myc
also proved to regulate positively hTERT transcription in the Ha-
CaT keratinocytes. The HaCaT-myc cells therefore represented a
variant that forced expression of the endogenous hTERT gene
without rendering it insensitive to myc-independent regulation.
Our studies reveal that both constitutive expression of c-Myc
and hTERT caused increased proliferation in conventional cul-
tures. In organotypic cocultures in the presence of ¢broblasts,
however, this growth advantage was not maintained. Instead,
strati¢cation was reduced suggesting that the cells had become
insensitive to factors that stimulate proliferation of the HaCaT
cells. This was the major defect in HaCaT-myc cells. HaCaT-
TERT cells, in addition, exhibited an altered di¡erentiation.
Whereas the early di¡erentiation markers were still expressed
and distributed in a rather regular pattern, markers for the term-
inal step of di¡erentiation were largely absent. Furthermore, as
hTERT protein was generally absent in the uppermost di¡eren-
tiated cells but remained expressed throughout the entire Ha-
CaT-TERT epithelium, our data support the hypothesis that
constitutive high expression of hTERT does not interfere with
epidermal di¡erentiation per se. Instead it allows the onset but
hinders entry into the terminal stage and therefore plays an active
part in the process of epidermal di¡erentiation.
MATERIALS AND METHODS
Cell culture and organotypic cocultures HaCaT (Boukamp et al,
1988), HaCaT-TERTmass culture and two individual clones coexpressing
the green £uorescent protein, and HaCaT-myc cells (Cerezo et al, 2002)
were routinely cultured as previously described (see Boukamp et al, 1988).
The HaCaT-myc transfectants were maintained in the presence of 400 mg
G-418 (PAA) per mL. Organotypic cocultures were prepared following the
method by Schoop et al (1999). Brie£y, type I collagen gel with integrated
¢broblasts was prepared by mixing 8 volumes of an ice-cold collagen
solution with 1 volume 10Hank’s balanced salt solution. After
neutralization with NaOH, 1 volume of a human dermal ¢broblasts
suspension in fetal bovine serum (2105 cells per mL) was added. Three
milliliters of this mixture were poured on to polycarbonate ¢lter inserts (3
mm pore size) and placed in deep-well plates (both from Becton-Dickinson
GmbH, Heidelberg, Germany). After 1 h incubation at 371C, glass rings
(20 mm diameter) were gently pressed on to the gels to provide a de¢ned
area for epithelial growth. The gels, representing the dermal equivalents,
were incubated in Dulbecco minimal Eagle’s medium supplemented with
10% fetal bovine serum and 50 mg ascorbic acid per mL. After 24 h HaCaT,
HaCaT-myc and HaCaT-TERTcells (106 cells per insert) were plated on to
the dermal equivalents and after additional 24 h the cultures were exposed
to the air by removing all medium from the surface. Thereafter, the
cultures were exclusively nourished from below through the collagen gel.
Medium was changed every 2 to 3 d. Histology was performed following
standard protocols. At least two independent sets of experiments were
analyzed. All human specimens were obtained by informed consent of
the patients and institutional approval of experiments in handling human
tissue is in accordance with the Helinski principles.
Proliferation and colony forming e⁄ciency analysis Growth curves
were performed in triplicate. For this, 105 cells per plate were seeded in 6
cm plates, and the cells were counted every 24 h using a CASYcell counter.
For 5-bromo-20 -deoxyuridine (BrdU) incorporation analysis, 2103 cells
were seeded in 96-well plates. After 24 h medium was changed and after
additional 24 h BrdU incorporation analysis was performed. BrdU was
added 2 h prior to the BrdU enzyme-linked immunosorbent assay test
(Roche Diagnostics Gmbh, Mannheim, Germany). Total OD values are
expressed as percentage of control (untreated) cells. To determine the
colony forming e⁄ciency, duplicates of 250 and 500 cells were plated in
10 cm plates. After 2 wk, cells were ¢xed with 80% ethanol and colonies
were stained with Mayer’s hemalaun (Merck, Darmstadt, Germany) for
2 h, and subsequently washed in water. Colony numbers and sizes were
analyzed.
Tumorigenicity test Five106 cells in 100 ml culture medium were
injected s.c. on each side of the back of nude mice (Swiss/c nu/nu
backcrosses). Tumor growth was measured at weekly intervals as described
previously (Bleuel et al, 1999).
Indirect immuno£uorescence Sections were ¢xed by incubation in
80% methanol (41C, 5 min) followed by 100% acetone (201C, 2 min).
For further analysis, sections were rehydrated in phosphate-bu¡ered-
saline, blocked in a 3% bovine serum albumin/phosphate-bu¡ered-saline
solution, and incubated in a humid chamber. As primary antibodies we
used anti-BrdU (Promega, GmbH, Mannheim, Germany), anti-integrin
a6 (Chemicon International LTD Rojheim, Germany), anti-laminin
(ProGen Biotechnik GMbH, Heidelberg, Germany), anti-type IV collagen
(Heyl Chemisch-Pharma-loutilche Fabyik GmbH and CO, KG Berlin,
Germany), anti-E-cadherin (Roche), anti-¢laggrin and anti-
transglutaminase I (both Cell Systems Biotechnologic Vertrieb GmbH
Rernagen, Germany), anti-involucrin and anti-keratin 1/10 (both Sigma),
anti-loricrin kindly provided by D. Hohl, Lausanne, and anti-hTERT
(Novocastra Laboratories, Ltd, Novocastra, New Castle upon Tyne, UK).
All primary antibodies were incubated for 1 h at 371C followed by 30
min at room temperature. After washing, the sections were incubated in
the presence of a red or green £uorochrome-conjugated secondary
antibody (DTAF-conjugated anti-guinea pig or anti-mouse, Cy3-
conjugated anti-mouse or rabbit, or Cy2-conjugated anti-rabbit, all from
Dianova GmbH Immundiagnostics, Hamburg, Germany), for 30 min at
371C followed by 15 min at room temperature. The cell nuclei were
counterstained by adding 2 mg per mL of intercalating dye bisbenzimid
(Aventis Pharma, Bad Soven, Germany). Subsequently, sections were
washed in phosphate-bu¡ered-saline, air dried, and mounted in mowiol
solution (Calbiochem GmbH, Bad Soven, Germany). The sections were
analyzed by £uorescence microscopy using a Light Microscope AX-70
(Olympus) equipped with epi£uorescence illumination.
TUNEL (terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end-labeling) assay Programmed
cell death rate was analyzed by TUNEL. Cells or OTC sections were
¢xed in 4% paraformaldehyde and TUNEL analysis was performed
by using In Situ Cell Death Detection Kit (Roche), according to the
manufacturer’s instructions. Sections were mounted in mowiol solution
(Calbiochem) and analyzed by £uorescence microscopy.
Telomerase assays Cell lysis and telomerase assay were performed using
the TRAPeze kit (Intergen NorCross, Georgia, USA). Fifty nanograms of
total protein extract were used for each assay, each with or without RNase-
inactivation (RNase, DNase-free, Roche). Products were separated in
nondenaturing 10% polyacrylamide gels, visualized by autoradiography
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and PhosphoImager scanning (Fuji¢lm Bas-1500), and quanti¢ed with
TINA 2.0 software (Raytest Isotopenmegerte GmbH, Staubenhardt,
Germany).
Telomere length analysis Genomic DNA was isolated using DNAzol
(Gibco BRL). Five micrograms of DNAwere digested with RsaI (Roche)
at 371C overnight. The digested DNAwere subjected to electrophoresis on
a 0.6% agarose gel, blotted on a positively charged nylon membrane
(Roche) and hybridized with 20 ng per mL digoxygenin-labeled
telomeric human DNA (Oncor Appligene Heidelberg, Germany) as
described (Figueroa et al, 2000). Detection was performed using the CDP-
Star kit (Roche) and the distribution as well as the size of most intense
staining of telomeric DNAwas determined by image analysis with AIDA
2.0 software (Raytest Isotopenmegerte GmbH).
Reverse transcription^polymerase chain reaction (reverse
transcription^PCR) analysis Total RNAwas isolated from cell pellets
using RNeasy (QIAGEN Hilden, Germany). 1 mg of total RNAwas used
to generate a cDNA from each sample (Omniscript, QIAGEN) in a ¢nal
volume of 20 mL. Four microliters of this solution was ampli¢ed in a 25 mL
mixture containing 0.2 mM deoxyribonucleoside triphosphates (Roche),
2.5 units Taq (Roche), and 0.2 mM of each primer. c-Myc transcription
was detected using primers c-Myc sense (TGGTGCTCCATGAGGAG
ACA) and c-Myc anti-sense (GTGGCACCTCTTGAGGACCA), with an
initial heating at 941C for 2 min, followed by 30 cycles of 941C for 30 s,
601C for 30 s, 721C for 60 s, and a ¢nal extension at 721C for 10 min.
hTERT alternative splice variants were detected with primers TERT-
HT2026F and TERT-HT2482R (Kilian et al, 1997) by 35 cycles (if not
stated di¡erently) of 941C for 15 s, 601C for 15 s, and 721C for 30 s.
GAPDH was ampli¢ed as internal control by 23 cycles of 941C for 30 s,
601C for 30 s, and 721C for 60 s with GAPDH sense (GAGAAGGCTG
GGGCTCATTT) and GAPDH anti-sense (CAGTGGGGACACGGA
AGG) primers. PCR products were subjected to electrophoresis in 2%
agarose (FMC Bioproducts Rockland Maine, USA) gels and visualized
with ethidium bromide (Sigma Steinheim, Germany).
Western blot analysis Cell pellets were lyzed in RIPA bu¡er and
protein concentrations determined (Bradford: Bio-Rad Nuº nchen,
Germany). 30 mg of total protein were separated by sodium dodecyl
sulfate^polyacrylamide gel electrophoresis and transferred to nitrocellulose
membrane (Schleicher & Schuell Micro-Science GmbH, Dassel, Germany).
Membranes were preblocked in 10% nonfat milk/phosphate-bu¡ered-
saline for 2 to 12 h, probed with anti-c-Myc: C-33 (Santa Cruz
Biotechnology Heidelberg, Germany) and horseradish peroxidase-coupled
secondary antibody (Dianova) diluted in 10% milk/phosphate-bu¡ered-
saline/0.1% Tween 20 for 60 min. Enhanced chemiluminescence detection
was performed (Amersham-Pharmacia Biotech Freiburg, Germany).
RESULTS AND DISCUSSION
Constitutive expression of c-myc and hTERTcause increased
proliferation In the epidermis, telomerase activity is restricted
to the basal proliferative compartment and is downregulated with
di¡erentiation (Hrle-Bachor and Boukamp, 1996). Furthermore,
our in vitro di¡erentiation studies had suggested that telomerase
downregulation preceded the morphologically visible di¡eren-
tiation process (Bickenbach et al, 1998). Thus, it is tempting to
speculate that telomerase and di¡erentiation are regulated in a
common pathway and that telomerase/hTERT inhibition is
required for complete epidermal di¡erentiation. One way to test
this hypothesis was to highly overexpress telomerase in a
nonregulable way, i.e., to introduce a hTERT gene that, due to
lack of its own promoter sequences, could no longer be
inhibited by endogenous regulatory mechanisms.
To determine whether this would counteract or even inhibit
the di¡erentiation process, we investigated the spontaneously
immortalized HaCaT skin keratinocytes infected with a
retroviral construct of the hTERT gene previously described by
our laboratory (HaCaT-TERT; Cerezo et al, 2002). Compared
with the parental HaCaT cells, which already express a level of
telomerase activity comparable with tumor, e.g., HeLa cells
(Hrle-Bachor and Boukamp, 1996), hTERT expression was
signi¢cantly increased in the HaCaT-TERT cells due to
overexpression of full length hTERT transcribed from the
exogenous gene (Fig 1a). Similarly, telomerase activity was
increased (Fig 1b). For comparison, we included HaCaT cells,
constitutively expressing the c-myc gene (HaCaT-myc), which, as
shown in Fig 1(a), caused a slight increase in the expression of
the endogenous full length hTERT as well as a slight increase in
the level of telomerase activity (see Fig 1b).
To characterize potential changes induced by constitutive
expression of c-myc and hTERT, the two variants were analyzed
for a number of growth properties in conventional monolayer
cultures. First, growth curves were established by measuring the
total cell number at daily intervals during a 96 h period (Fig 2a).
Seeding at low density (105 cells per 60 mm dish) caused a lag
phase of 48 h before the parental HaCaT cells entered an
exponential growth phase. HaCaT-TERT cells showed a very
similar growth pro¢le but instead of slowing down upon
becoming con£uent, the cell number increased even at a higher
rate. HaCaT-myc cells, on the other hand, started to proliferate
immediately, but after 48 h the growth pro¢le largely
resembled that of the HaCaT cells. As both cell types had
gained proliferative activityHaCaT-myc cells as an autocrine-
like growth stimulation and HaCaT-TERT cells as a cell
density-dependent stimulationwe next studied the BrdU
labeling index 48 h after seeding. As expected, HaCaT-myc
cells showed an about 4-fold increase in BrdU incorporation.
Surprisingly, HaCaT-TERT cells also exhibited a 2-fold increase
in BrdU labeling at this early time point (Fig 2b).
To determine why BrdU labeling could increase without
improving growth in HaCaT-TERT cultures, the cells were
assayed for apoptosis by TUNEL staining (Fig 2c). Whereas
HaCaT and HaCaT-myc cells showed only few positive cells (1^
2%) during the active growth phase and an even reduced
number at con£uence (o1%), the HaCaT-TERT cells went
through a phase of increased TUNEL staining. At a density of
40 to 50% con£uence, i.e., when islands enlarge and start to
expand exponentially, the apoptosis rate increased to E6% (see
Fig 2c) but decreased again at con£uence to less than 1%.
Although the reason for this transient increase in cell death is
presently unclear it explains the high BrdU labeling index at a
time point where the cell number remained largely constant in
growth curves. In line with the above data, the colony forming
e⁄ciency also varied among the di¡erent cell types (Fig 2d).
Compared with the parental HaCaT cells, the HaCaT-myc cells
formed twice the number of colonies. The size distribution
remained similar, further underlining the improved adaptation
and more rapid onset rather than an increased long-term
proliferation. HaCaT-TERT cells, on the other hand, showed
similar colony forming e⁄ciency to the HaCaT cells but in
agreement with the increased rate of apoptosis seen in
expanding colonies (see Fig 2d), most colonies remained small
in size during this 2 wk time period.
Whereas increased proliferation was expected from
constitutive myc expression, as c-Myc is known to regulate
positively cell cycle progression (for review see Bouchard et al,
1998), it was not predicted for the hTERT gene. It has recently
been shown that hTERT overexpression in human mammary
epithelial cells selects for clones that also overexpress c-Myc
(Wang et al, 2000). In HaCaT-TERT cultures c-Myc expression
remained largely unchanged both at the level of mRNA (Fig 3a)
and protein (Fig 3b) suggesting a Myc-independent increase in
proliferation. Taken together, these data indicate that constitutive
expression of c-Myc induces an autocrine growth stimulation
resulting in both immediate onset of proliferation and increa-
sed colony forming e⁄ciency. Constitutive overexpression of
hTERT also seems to provide a proliferative advantage. In
expanding cultures, however, this is counteracted by an
increased rate of apoptosis, thus leaving the net growth rate
largely unchanged. Only at high cell densities the cells divided
more rapidly, suggesting that cell^cell interaction-dependent
(juxtacrine) rather than factor-derived (autocrine or paracrine)
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mechanisms play a part in growth regulation induced by forced
overexpression of hTERT.
Organotypic cocultures of HaCaT-myc and HaCaT-TERT
cells show impaired growth and strati¢cation As postulated
above, regulation of telomerase activity and di¡erentiation are
tightly coupled. In conventional cultures di¡erentiation is,
however, di⁄cult to assess. Owing to lack of interaction with
other cell compartments (underlying dermis) and the abnormal
environment (on plastic and submerged), epidermal di¡erentiation
remains rudimentary in these cultures and alterations cannot be
analyzed adequately. To determine the role of constitutive hTERT
overexpression on epidermal di¡erentiation we therefore studied
the di¡erent HaCaT variants in organotypic cocultures. Within 3
wk, the parental HaCaT cells formed a multilayered epithelium
with all characteristic epidermal strata, including a stratum
granulosum and a dead parakeratotic stratum corneum, character-
istic for terminal di¡erentiation (Fig 4a).
Similarly to HaCaT cells, also HaCaT-myc and HaCaT-TERT
cells attached well to the collagen gel and had formed coherent
sheets of two to three cell layers in 1wk old cultures (Fig 4a). In
this model, increased proliferation leads to an increased
strati¢cation (number of cell layers); however, the higher
proliferation characteristic for conventional HaCaT-myc cultures
was not re£ected in OTC. Instead, after 2 and 3 wk a marked
delay in strati¢cation was noted in both HaCaT-myc and
HaCaT-TERT cultures (see Fig 4a). In agreement with this but
in contrast to conventional cultures, BrdU incorporation analysis
showed a fairly constant level of BrdU labeling at all time points
(Fig 4b). This was quite di¡erent in HaCaT cultures. BrdU
incorporation was signi¢cantly enhanced (2-fold increase, see
Fig 4b) in 2 wk old HaCaT cultures resulting in a large increase
in strati¢cation by week 3. Keratinocyte proliferation and
di¡erentiation are controlled by factors, such as the keratinocyte
growth factor, which is produced in ¢broblasts upon stimulation
by keratinocyte-derived interleukin-1 (Smola et al, 1993; Maas-
Szabowski et al, 2000). Thus, our data suggest that these factors
that are responsible for the increased proliferation in 2 wk old
HaCaT cultures were no longer e¡ective on HaCaT-TERT and
HaCaT-myc cells. It now remains to be elucidated whether
Figure1. hTERT expression and telomerase activity. (A) hTERT expression was investigated by reverse transcription^PCR using primers that are
speci¢c for detecting the four major splice variants: full length (£), a-, b-, and a/b splice form (TERT-HT2026F and TERT-HT2482R; Kilian et al, 1997).
With the exception of HaCaT-TERTcells (2 mL), 5 mL of each PCR product was loaded per lane. Fibroblasts and normal human keratinocytes (NHK) were
included for comparison and GAPDH as internal control. NHK sample was subjected to 35 cycles of PCR ampli¢cation for comparison of the expression
level, and subjected to 40 cycles of ampli¢cation in order to detect alternative splice variants. (B) Telomerase activity was measured byTRAPeze (Oncor).
Fifty nanograms of protein extract were used in each assay. HaCaT, HaCaT-myc, and HaCaT-TERT extracts (mass culture) were serially diluted
(1:1¼undiluted, 1:2, 1:5, and 1:10, as indicated) with telomerase-negative ¢broblasts to guarantee an unaltered protein concentration.Telomerase activity from
the undiluted HaCaT extracts was taken as 100% and the dilutions were calculated accordingly. An RNase inactivated HaCaT sample (þ ) and a ¢broblast
sample (F) were included as negative controls. IC¼ internal control. (C) Southern blot analysis of HaCaT-and HaCaT variants using RsaI for DNA diges-
tion and a telomere-speci¢c DNA probe (Oncor) for hybridization. Marker¼l/HindIII. The mean telomere repeat fragment length (TRFL) are indicated.
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this insensitivity is due to similar mechanisms, such as recep-
tor-dependent insensitivity or altered signaling pathways in
HaCaT-myc and HaCaT-TERT cells. It, however, also clearly
shows that HaCaT-myc and HaCaT-TERT cells are di¡erent to
HaCaT control cells because both show a reduced strati¢cation
upon growth in tissue-like organotypic cocultures.
Di¡erentiation is impaired in HaCaT-TERT but not in
HaCaT-myc cells To determine whether reduced strati¢cation
in HaCaT-myc and HaCaT-TERT OTC was caused by an
increased frequency of apoptotic cells, we investigated the
di¡erent cultures for TUNEL reactivity. During the ¢rst week
we observed a relatively high number of TUNEL-positive cells
in all cultures, including those of the parental HaCaT cells (Fig 4c),
indicating an adaptation-dependent increase in the rate of cell
Figure 2. Proliferation characteristics of HaCaT, HaCaT-myc, and HaCaT-TERT cells in conventional cultures. (A) Growth curve of HaCaT,
HaCaT-myc, and HaCaT-TERT cells during a 96 h growth period. Cells (105) were initially seeded and triplicate cultures counted at daily intervals. (B)
BrdU incorporation analysis of the cells grown in conventional cultures on plastic. BrdU labeling index of HaCaT-myc and HaCaT-TERTcells is expressed
as a percentage of the parental HaCaT cells. (C) Representative immuno£uorescence micrographs of TUNEL stained cultures from HaCaT, HaCaT-myc,
and HaCaT-TERTcells 48 h after plating. (D) Colony forming e⁄ciency of HaCaT, HaCaT-myc, and HaCaT-TERTcells. Representative 2 wk old cultures
with a seeding density of 500 cells are shown. Colony number and size distribution represent the mean value of four experiments.
Figure 3. c-Myc expression analysis. (A) Reverse transcription^PCR
showing c-myc mRNA expression in HaCaT, HaCaT-myc, and HaCaT-
TERT cells. Fibroblasts and normal human keratinocytes were included
for comparison. GAPDH served as loading control. (B) Comparison of
c-Myc expression in HaCaT, HaCaT-myc, and HaCaT-TERT cells by
western blot analysis.
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death. In the third week TUNEL-positive cells were restricted to
the uppermost suprabasal layer in HaCaT and HaCaT-myc
cultures (Fig 4c), the zone of terminal di¡erentiation where the
nuclei and also the DNA is degraded. In agreement with a
recent report (for review see Gandarillas, 2000), the high
frequency of TUNEL positivity in HaCaT and HaCaT-myc
cultures therefore highlights di¡erentiation and not apoptosis. In
HaCaT-TERT cultures the rate of TUNEL-positive cells was
constant at all time points and, most importantly, TUNEL-
positive cells remained randomly distributed within the
epithelium also at week 3 (see Fig 4c) arguing for individual
di¡erentiating or truly apoptotic cells.
This di¡erential pattern of TUNEL staining suggested that,
despite reduced strati¢cation, HaCaT-myc cells are still able to
di¡erentiate fully, whereas HaCaT-TERT cultures are devoid of
a zone of nuclear destruction. Therefore, we performed a
detailed analysis of the di¡erentiation potential of the HaCaT
variants. The histologic appearance of the epithelia formed
during the ¢rst 2 wk were very similar; however, a clear
di¡erence was seen in 3 wk old cultures. HaCaT and HaCaT-
myc cells had grown to epithelia, which allowed to distinguish
all typical epidermal strata. The major di¡erence between
HaCaT and HaCaT-myc cultures was a largely reduced stratum
spinosum, leading to £attening of the cells and terminal
di¡erentiation already in the second or third suprabasal layer of
the HaCaT-myc cultures (see Fig 4a). HaCaT-TERT epithelia,
on the other hand, were formed by uniform small basal-like
cells (see Fig 4a). These data thus indicate that, although both
HaCaT-myc and HaCaT-TERT epithelia show reduced
strati¢cation in comparison with HaCaT epithelia, only HaCaT-
TERTcultures are impaired in their tissue architecture.
Expression of early epidermal di¡erentiation markers is
largely una¡ected by constitutive hTERT expression The
contact between the basal cells and the basement membrane is
believed to be responsible for maintaining the undi¡erentiated
and proliferative active state of the keratinocytes (Watt, 2002).
When this contact is lost, proliferation stops and the cells start
to di¡erentiate. We therefore wondered whether expression and
deposition of basement membrane components might be altered
in HaCaT-TERT cultures. All three culture types, however,
showed a similar and regular localization of the basement
membrane components: type IV and type VII collagen, laminin
10, laminin 5g2, and nidogen (as exempli¢ed for type IV
collagen in Fig 5a). Only a6 integrin exhibited an abnormal
pattern (Fig 5b). In the epidermis a6b4 integrin is concentrated
in the hemidesmosomes that connect the basal cells to the
basement membrane. As expected, in HaCaT and HaCaT-myc
Figure 4. Growth behavior of HaCaT, HaCaT-myc, and HaCaT-TERTcells in organotypic cocultures. (A) Hematoxylin/eosin stained histologic
sections of HaCaT, HaCaT-myc, and HaCaT-TERTcells after 1 and 3 wk of growth in organotypic cocultures. (B) Percentage of BrdU-labeled cells in 1, 2,
and 3 wk old epithelia. Results are expressed as percentage of total cell number. (C) TUNEL staining of organotypic cocultures 1 and 3 wk after plating.
Note the di¡erent localization of TUNEL-positive cells in HaCaT and HaCaT-myc cultures versus cultures from HaCaT-TERTcells. Bar¼ 25 mm.
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Figure 5. Expression of early and late di¡erentiation markers in 3 wk old organotypic cocultures of HaCaT, HaCaT-myc, and HaCaT-TERT
cells. (A) Immuno£uorescence staining of the basement membrane component type IV collagen (green) and the keratin pair K1/K10 (red), (B) integrin a6,
and (C) involucrin as early markers and (D) ¢laggrin, (E) loricrin, and (F) transglutaminase 1 as late markers in HaCaT, HaCaT-myc and HaCaT-TERT
cultures. Discontinuous lines indicate in (B) the uppermost part of the epithelium and in (C, F) the position of the basement membrane zone. Bar¼ 25 mm.
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cultures expression of a6 integrin was largely restricted to the
basement membrane zone, whereas in HaCaT-TERT cultures a6
integrin was additionally detected suprabasally. This distribution
is often associated with benign hyperproliferation (for review see
Watt, 2002) and has been already observed in hTERT
immortalized normal keratinocytes (Farwell et al, 2000). Thus
the suprabasal expression of a6 integrin clearly underlines the
dysregulated tissue architecture of HaCaT-TERT cultures and
instead of re£ecting hyperproliferation may con¢rm the more
basal-type character of these cells also in the suprabasal layers.
In the epidermis, cytoplasmic expression of the keratin set K1
and K10 is a hallmark for the onset of di¡erentiation (for review
see Fuchs, 1993). In HaCaT and HaCaT-myc cultures K1 and K10
were absent in the basal layers but expressed throughout all
suprabasal layers (see Fig 5a). HaCaT-TERT cultures also
expressed K1 and K10, although the distribution was more
irregular and in parts restricted to the uppermost cells. Similarly,
involucrin, a constituent of the corni¢ed envelopes (for review
see Presland and Dale, 2000), was expressed, although somewhat
delayed, in HaCaT-TERTcultures (Fig 5c). Thus, the data clearly
demonstrate that, despite reduced strati¢cation, the potential for
epidermal di¡erentiation is not abrogated neither in HaCaT-
TERT nor HaCaT-myc cultures. Instead, the undi¡erentiated
basal-type character of the HaCaT-TERT epithelium must have
been a consequence of speci¢cally blocking the later stages of
di¡erentiation.
Expression of late but not early di¡erentiation markers is
impaired in HaCaT-TERT organotypic cocultures To
address this question we investigated expression and deposition
of markers characterizing a terminally di¡erentiated epidermis.
Filaggrin and loricrin, two of the structural proteins of the
stratum granulosum, were found in their typical punctuated
(Fig 5d) and membrane-bound patterns (Fig 5e) in the
uppermost living cell layer of HaCaT and HaCaT-myc cultures.
In HaCaT-TERT cultures, both proteins were largely absent.
Only transglutaminase-1, one of the enzymes responsible for
cross-linking of the corni¢ed envelope proteins (for review
see Fuchs, 1993) was expressed in HaCaT-TERT cultures. In con-
trast to HaCaT and HaCaT-myc cultures, however, where
transglutaminase-1 showed the typical membrane-associated
pattern in all suprabasal cells, this protein was localized more to
the cytoplasm, and showed a more irregular distribution within
the epithelium in the HaCaT-TERTcultures (Fig 6f).
This lack of terminal di¡erentiation as demonstrated by
morphologic and biochemical markers, was not restricted to
HaCaT-TERT mass cultures but was similarly seen in OTC
from two individual HaCaT-TERT clones (data not shown).
These clones were speci¢cally selected because of their
di¡erences in telomere length. Clone 2 exhibited a mean
telomere length of 10 kb and had telomeres signi¢cantly longer
than the parental HaCaT cells whereas clone 8 showed a mean of
about 6 kb, a telomere length very similar to that of the HaCaT-
myc cells (Fig 1c). Furthermore, all HaCaT-TERT epithelia
stained positive for green £uorescent protein, which was
coexpressed with hTERT, thus verifying the continuous
expression of the exogenous gene. Finally, we analyzed hTERT
expression in the di¡erent epithelia by using an antibody against
hTERT. This gave rise to a dot-like nuclear staining in the
telomerase-positive epithelia, whereas no staining was seen in
the telomerase-negative dermal ¢broblasts (Fig 6). In the epithelia,
including normal human epidermis, hTERT deposition was
prominent only in the stratum spinosum while largely absent in
the uppermost £attened terminally di¡erentiated cells. In all
HaCaT-TERT epithelia, however, hTERT remained expressed
evenly throughout and even seemed to accumulate in the
uppermost layer (see Fig 6). Together these results demonstrate
that the inability to initiate the terminal step of epidermal
di¡erentiation was not due to selection of a speci¢c HaCaT
subpopulation, nor did it correlate with changes due to
abnormally long telomeres, but was a characteristic trait of all
hTERT-overexpressing HaCaT cells.
Thus in agreement with Blasco (2002) and Stewart et al (2002)
our data argue that forced TERT/telomerase expression confers
functions independent of telomere length regulation. Both of
these studies reported an increased growth rate and this was
similarly seen in our studies as documented by an increased level
of BrdU incorporation at early stages after plating as well
as extensive increase in cell number in the later phase of the
growth curves. Furthermore, it has been proposed that
telomerase may play a fundamental part in tumor growth
(Blasco, 2002; Chang and DePinho, 2002; Stewart et al, 2002).
We presently have no indication that forced expression of
hTERT renders HaCaT cells tumorigenic. Neither HaCaT-TERT
nor HaCaT-myc cells formed tumors upon s.c. injection into
nude mice within a 6 mo observation period (data not shown).
It may well be, however, that the increased autonomous growth
rate and/or the delayed or blocked terminal di¡erentiation, both
of which expand the proliferation-competent cell fraction, may
be part of the program required for ¢nal tumor growth. Thus it
will be of further interest to dissect the molecular mechanism
by which forced hTERT expression confers these additional
functions.
In summary, we show here that c-Myc and similarly hTERT
provide a growth advantage in HaCaT skin keratinocytes in
conventional monocultures; however, the e¡ect caused by the
two genes is quite di¡erent and neither of them seems to
provide a growth advantage in organotypic cocultures. In this
complex model the keratinocytes and ¢broblasts mutually
interact and express a number of growth factors required for
normal keratinocytes to proliferate and di¡erentiate properly
(Smola et al, 1993; Maas-Szabowski et al, 2000). HaCaT cells are
Figure 6. Expression of hTERT in the epidermis and 3 wk old organotypic cocultures of HaCaTand HaCaT-TERTcells. Immuno£uorescence
staining of hTERT (red nuclear staining) and basement membrane component nidogen (green) in normal epidermis, HaCaT, and HaCaT-TERT organo-
typic cocultures. The nuclei are counterstained with Hoechst. Bar¼ 25 mm.
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also sensitive to these factors and react with a substantial increase
in proliferation. Unexpectedly, both c-Myc and hTERT seem to
render the cells insensitive to the exogenous growth signals. It
was recently shown that epidermal growth factor can participate
in the regulation of hTERT expression (Maida et al, 2002) and it
therefore will be the aim of future investigations to determine
whether the insensitivity of HaCaT-myc and HaCaT-TERT cells
is due to an altered or even blocked interaction with a speci¢c
receptor, such as the epidermal growth factor receptor.
Despite their common defects in strati¢cation, the e¡ect on
di¡erentiation was quite di¡erent for the HaCaT-myc and
HaCaT-TERT cells. In agreement with recent studies on c-Myc-
overexpressing transgenic mice (Arnold and Watt, 2001; Waikel
et al, 2001) the epidermal di¡erentiation program was essentially
normal. Concerning the role of hTERT in di¡erentiation, the
two presently available transgenic mouse models did not add
further information (Gonza¤ lez-Sua¤ rez et al, 2001; Artandi et al,
2002). On the other hand, normal human keratinocytes
immortalized by retroviral hTERT infection gave inconsistent
results. Rheinwald and coworkers reported a well preserved
epidermal di¡erentiation pro¢le (Dickson et al, 2000; Rheinwald
et al, 2002) whereas Farwell et al, 2000 showed a lack in horn
squame formation, delayed and disorganized K10 expression, as
well as an increased a6 integrin expression (Farwell et al, 2000),
features also highlighted for the HaCaT-TERTcells.Whether the
discrepancies seen between these two studies arise from di¡erent
levels of hTERT/telomerase expression remains to be seen. The
latter study, however, is clearly in favor of the hypothesis drawn
from our ¢ndings that constitutive overexpression of hTERT is
compatible with the transition from proliferation to di¡eren-
tiation but, unlike constitutive c-Myc expression, interferes with
the late stage, i.e., terminal di¡erentiation. Thus, the HaCaT-
TERT cells will now provide an excellent tool to dissect the
molecular mechanism of this regulatory block.
We would like to thank Hermann Stammer and Iris Martin for their excellent techni-
cal assistance and wish to extend our thanks to the AG Foto for excellent work and
Leonie Ringrose for her help in editing the manuscript.This study was supported by
grants from the DFG (Bo 1246/4-3), EC (QLG1-CT-1999-01341), and Verein zur
F˛rderung der Krebsforschung (all to PB).This article is dedicated to Harald zur Hau-
sen on the occasion of his retirement as head of the DKTZ with gratitude and appre-
ciation for 20 y of leadership.
REFERENCES
Arnold I,Watt FM: c-Myc activation in transgenic mouse epidermis results in mobi-
lization of stem cells and di¡erentiation of their progeny. Curr Biol 11:558^568,
2001
Artandi SE, Alson S, Tietze MK, et al: Constitutive telomerase expression promotes
mammary carcinomas in aging mice. Proc Natl Acad Sci USA 99:8191^8196,
2002
Asselineau D, Prunieras M: Reconstruction of ‘‘simpli¢ed’’ skin: Control of fabrica-
tion. Br J Dermatol 111 (Suppl. 27):219^222, 1984
Avilion AA, Piatyszek MA, Gupta J, Shay JW, Bacchetti S, Greider CW: Human
telomerase RNA and telomerase activity in immortal cell lines and tumor tis-
sues. Cancer Res 56:645^650, 1996
Bachor C, Bachor OA, Boukamp P: Telomerase is active in normal gastrointestinal
mucosa and not up-regulated precancerous lesions. J Cancer Res Clin Oncol
125:453^460, 1999
Beattie TL, Zhou W, Robinson MO, Harrington L: Functional multimerization of
the human telomerase reverse transcriptase. Mol Cell Biol 21:6151^6160, 2001
Bell E, Ehrlich HP, Buttle DJ, Nakatsuji T: Living tissue formed in vitro and ac-
cepted as skin-equivalent tissue of full thickness. Science 211:1052^1054, 1981
Bickenbach JR, Vormwald-Dogan V, Bachor C, Bleuel K, Schnapp G, Boukamp P:
Telomerase is not an epidermal stem cell marker and is downregulated by cal-
cium. J Invest Dermatol 111:1045^1052, 1998
Blasco MA:Telomerase beyond telomeres. Nature Rev 2:1^6, 2002
Bleuel K, Popp S, Fusenig NE, Stanbridge EJ, Boukamp P: Tumor suppression in
human skin carcinoma cells by chromosome 15 transfer or thrombospondin-1
overexpression through halted tumor vascularization. Proc Natl Acad Sci USA
96:2065^2070, 1999
Bouchard C, Staller P, Eilers M: Control of cell proliferation by c-Myc.Trends Cell
Biol 8:202^206, 1998
Boukamp P, Fusenig NE: ‘‘Trans-di¡erentiation’’ from epidermal to mesenchymal/
myogenic phenotype is associated with a drastic change in cell-cell and cell-
matrix adhesion molecules. J Cell Biol 120:981^993, 1993
Boukamp P, Petrussevska RT, Breitkreutz D, Hornung J, Markham A, Fusenig NE:
Normal keratinization in a spontaneously immortalized aneuploid human ker-
atinocyte cell line. J Cell Biol 106:761^771, 1988
Boukamp P, Chen J, Gonzales F, Jones PA, Fusenig NE: Progressive stages of ‘‘trans-
di¡erentiation’’ from epidermal to mesenchymal phenotype induced by
MyoD1 transfection, 5-aza-20 -deoxycytidine treatment, and selection for re-
duced cell attachment in the human keratinocyte line HaCaT. J Cell Biol
116:1257^1271, 1992
Breitkreutz D, Boukamp P, Ryle CM, Stark H-J, Roop DR, Fusenig NE: Epidermal
morphogenesis and keratin expression in c-Ha-Ras-transfected tumorigenic
clones of the human HaCaT cell line. Cancer Res 51:4402^4409, 1991
Breitkreutz D, Stark H-J, Plein P, Baur M, Fusenig NE: Di¡erential modulation of
epidermal keratinization in immortalized (HaCaT) and tumorigenic human
skin keratinocytes (HaCaT-ras) by retinoic acid and extracellular Ca2þ . Di¡er-
entiation 54:201^217, 1993
Breitkreutz D, SchoopVM, Mirancea N, Baur M, Stark H-J, Fusenig NE: Epidermal
di¡erentiation and basement membrane formation by HaCaT cells in surface
transplants. Eur J Cell Biol 75:273^286, 1998
Cerezo A, Kaltho¡ H, Schuermann M, Schaefer B, Boukamp P: Dual regulation of
telomerase activity through c-Myc-dependent inhibition and alternative spli-
cing of hTERT. J Cell Sci 115:1305^1311, 2002
Chang S, DePinho RA:Telomerase extracurricular activities. Proc Natl Acad Sci USA
99:12520^12522, 2002
Dickson MA, HahnWC, InoY, et al: Human keratinocytes that express hTERT and
also bypass a p16 (INK4a)-enforced mechanism that limits life span become
immortal yet retain normal growth and di¡erentiation characteristics. Mol Cell
Biol 20:1436^1447, 2000
Farwell DG, Shera KA, Koop JL, et al: Genetic and epigenetic changes in
human epithelial cells immortalized by telomerase. Am J Pathol 156:1537^1547,
2000
Feng J, FunkWD,Wang S-S, et al: The human telomerase RNA component. Science
269:1236^1241, 1995
Figueroa R, Lindenmaier H, Hergenhahn M, Nielsen KV, Boukamp P: Telomere
erosion varies during in vitro aging of normal human ¢broblasts from young
and adult donors. Cancer Res 60:2770^2774, 2000
Fuchs E: Epidermal di¡erentiation and keratin gene expression. J Cell Sci Suppl
17:197^208, 1993
Gandarillas A: Epidermal di¡erentiation, apoptosis, and senescence: Common path-
ways? Exp Gerontol 35:53^62, 2000
Gonza¤ lez-Sua¤ rez E, Samper E, Flores JM, Blasco MA: Telomerase-de¢cient mice
with short telomeres are resistant to skin tumorigenesis. Nat Genet 26:114^117,
2000
Gonza¤ lez-Sua¤ rez E, Samper E, Ram|¤ rez A, Flores JM, Mart|¤ n-Caballero J, Jorcano
JL, Blasco MA: Increased epidermal tumors and increased skin wound healing
in transgenic mice overexpressing the catalytic subunit of telomerase, mTERT,
in basal keratinocytes. EMBO J 20:2619^2630, 2001
Greider CW: Telomerase activity, cell proliferation, and cancer. Proc Natl Acad Sci
USA 95:90^92, 1998
Hrle-Bachor C, Boukamp P: Telomerase activity in the regenerative basal layer of
the epidermis in human skin and in immortal and carcinoma-derived skin
keratinocytes. Proc Natl Acad Sci USA 93:6476^6481, 1996
Howard BD, Boenicke L, Schniewind B, Henne-Bruns D, Kaltho¡ H:Transduction
of human pancreatic tumor cells with vesicular stomatitis virus G-pseudotyped
retroviral vectors containing a herpes simplex virus thymidine kinase mutant
gene enhances bystander e¡ects and sensitivity to ganciclovir. Cancer GeneTher
7:927^938, 2000
Kilian A, Bowtell DDL, Abud HE, et al: Isolation of a candidate human telomerase
catalytic subunit gene, which reveals complex splicing patterns in di¡erent cell
types. Hum Mol Genet 6:2011^2019, 1997
Kim NW, Piatyszek MA, Prowse KR, et al: Speci¢c association of human telomerase
activity with immortal cells and cancer. Science 266:2011^2015, 1994
Maas-Szabowski N, Stark H-J, Fusenig NE: Keratinocyte growth regulation in de-
¢ned organotypic cultures through IL-1-induced keratinocyte growth factor
expression in resting ¢broblasts. J Invest Dermatol 114:1075^1084, 2000
MacKenzie IC, Fusenig NE: Regeneration of organized epithelial structure. J Invest
Dermatol 81 (1 (Suppl.):189s^194s, 1983
MaidaY, Kyo S, KanayaT, et al: Direct activation of telomerase by EGF through Ets-
mediated transactivation of TERT via MAP kinase signaling pathway. Onco-
gene 21:4071^4079, 2002
Meyerson M, Counter CM, Eaton EN, et al: hEST2, the putative human telomerase
catalytic subunit gene, is up-regulated in tumor cells and during immortaliza-
tion. Cell 90:785^795, 1997
Nakamura TM, Morin GB, Chapman KB, et al: Telomerase catalytic subunit homo-
logs from ¢ssion yeast and human. Science 277:955^959, 1997
Presland RB, Dale BA: Epithelial structural proteins of the skin and
oral cavity: Function in health and disease. Crit Rev Oral Biol Med 11:383^408,
2000
118 CEREZO ETAL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY
Prowse KR, Greider CW: Developmental and tissue-speci¢c regulation of mouse
telomerase and telomere length. Proc Natl Acad Sci USA 92:4818^4822, 1995
Rama S, SureshY, Rao AJ: Regulation of telomerase during human placental di¡er-
entiation: A role for TGF-b1. Mol Cel Endocrinol 182:233^248, 2001
Rheinwald JG, HahnWC, Ramsey MR, et al: A two-stage, p16 (INK4A)- and p53-
dependent keratinocyte senescence mechanism that limits replicative potential
independent of telomere status. Mol Cell Biol 22:5157^5172, 2002
Schoop V, Mirancea N, Fusenig NE: Epidermal organization and di¡erentiation of
HaCaT keratinocytes in organotypic coculture with human dermal ¢broblasts.
J Invest Dermatol 112:343^353, 1999
Sharma HW, Sokoloski JA, Perez JR, et al: Di¡erentiation of immortal cells inhibits
telomerase activity. Proc Natl Acad Sci USA 92:12343^12346, 1995
Smola H, Thiekotter G, Fusenig NE: Mutual induction of growth factor gene ex-
pression by epidermal^dermal cell interaction. J Cell Biol 122:417^429, 1993
Stewart SA, HahnWC, O’Connor BF, et al: Telomerase contributes to tumorigenesis
by a telomere length-independent mechanism. Proc Natl Acad Sci USA
99:12606^12611, 2002
Waikel RL, Kawachi Y,Waikel PA,Wang XJ, Roop DR: Deregulated expression of
c-Myc depletes epidermal stem cells. Nat Genet 28:165^168, 2001
Wang J, Xie LY, Allan S, Beach D, Hannon G: Myc activates telomerase. Genes Dev
12:1769^1774, 1998
Wang J, Hannon GJ, Beach DH: Risky immortalization by telomerase. Nature
405:755^756, 2000
Watt FM: Role of integrins in regulating epidermal adhesion, growth and di¡eren-
tiation. EMBO J 21:3919^3926, 2002
WrightWE, Piatyszek MA, RayneyWE, ByrdW, Shay J: Telomerase activity in hu-
man germline and embryonic tissues and cells. Dev Genet 18:173^179, 1996
Wu KJ, Grandori C, Amacker M, Simon-Vermot N, Polack A, Lingner J, Dalla-Fa-
vera R: Direct activation of TERT transcription by c-Myc. Nat Genet 21:220^
224, 1999
Xu D, Gruber A, Bj˛rkholm M, Peterson C, Pisa P: Suppression of telomerase re-
verse transcriptase (hTERT) expression in di¡erentiated HL-60 cells: Regula-
tory mechanisms. Br J Cancer 80:1156^1161, 1999
Yamada O,Takanashi M, Ujihara M, Mizoguchi H: Down-regulation of telomerase
activity is an early event of cellular di¡erentiation without apparent telomeric
DNA change. Leuk Res 8:711^717, 1998
hTERT BLOCKS TERMINAL DIFFERENTIATION 119VOL. 121, NO. 1 JULY 2003
